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In this paper ive present tables which contain the Mie scattering coef- 
ficient, absorption coefficient, extinction coefficient, equivalent medium index 
of refraction and phase delay for rains conforming to the Laws and Parsons 
drop-size distribution. These transmission characteristics have been calcu- 
lated for microwave frequencies of interest in common carrier radio relay 
systems, 300 to 1.43 GHz, that is, 0.1 to 21.0 cm, at rain rates from 0.25 
to 150.0 mm/hr. We also include the extinction coefficients for the visible 
wavelength 0.6328 n- 

The microwave tables were generated by using a Mie scattering computer 
program similar to that designed and previously reported by Deirmendjian. 
The calculations at 0.6328 ju were made separately by employing the usual 
assumptions for droplets with very large circumference to wavelength ratios. 

I. INTRODUCTION 

The Mie extinction properties are of basic importance to those 
interested in developing an understanding of the influence of rainfall 
on open air communication systems. In this connection we have gen- 
erated a rather extensive set of tables of extinction properties of rain. 
The tables have been used within Bell Laboratories to study a variety 
of transmission problems, examples of which are the investigation of 
satellite ground station interference by Gusler and Hogg (1970),* the 
study of microwave transit time variations by Gray (1970), Pierce's 
(1909) investigation of the problems associated with the synchronization 
of digital networks and Setzer's (1969) study of the extinction properties 
of atmospheric aerosols. 1-4 A set of tables with similar results was 
published by Medhurst (19G5); however, his presentation only includes 



* The attenuation constants used by Gusler and Hogg were based on empirical 
data. The calculated values presented in this paper were used for comparison purposes 
only. 
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total attenuation. 5 Our tables include the Mie scattering coefficient, 
absorption coefficient, extinction coefficient, the van de Hulst equivalent 
medium index of refraction and the van de Hulst phase delay for rains 
conforming to the Laws and Parsons drop-size distribution. These 
transmission characteristics have been calculated for incident micro- 
wave wavelengths of 0.1, 0.2, 0.3, 0.5, 1.0, 1.62, 1.88, 2.73, 5.0, 7.5, 10.0, 
15.0 and 21.0 cm (corresponding to 300, 150, 100, 60, 30, 18.5, 16, 11, 
6, 4, 3, 2 and 1.43 GHz) at rain rates of 0.25, 1.25, 2.5, 5.0, 12.5, 50.0, 
100.0 and 150.0 mm/hr. Also included are the extinction coefficients 
for the visible wavelength 0.6328 fi at the above rain rates. 

The calculations in the microwave region were performed on a 
GE 635 computer using a scattering program similar to that previously 
presented by Deirmendgian (1963) . 6 Since the raindrop circumference- 
to-wavelength ratio (trd/X), that is, size parameter, for the visible 
wavelength, is outside the range of validity of the computer program, 
approximate characteristics were calculated for 0.6328 p. The usual 
assumptions for spheres with very large parameters were employed. 

The indices of refraction used in this report and shown in Table I 
are for a rain temperature of 20°C. They were obtained by cross check- 
ing many of the standard optical and microwave references and are 
thought to be reliable. 

II. DROPLET SIZE DISTRIBUTION 

All computations in this paper are based on the assumption that 
raindrops are spherical and the distribution of rain is as was measured 
by Laws and Parsons and quoted by Kerr (1951). 7 The Laws and 
Parsons distribution is presented in Table II as the percentage of 
total water volume within specific size ranges. In order to use the 
computer program, it is necessary to express the distribution in terms 
of the number of droplets per unit volume within specific size ranges. 
If the droplets are assumed to fall at the terminal velocity V , that is, 
up and down drafts are neglected, then the conversion is 

D(d i+i , d>) « R r P(d i+1 , d,)/[V(d)V (d)), (1) 

where D(d i+l , d x ) represents the size distribution in units of droplets 
per unit volume in the droplet diameter range d i+l to d { . Henceforth, 
the diameter range d i+1 to d t will be called Ad { . R f is the total rainfall 
rate which is typically specified in mm/hr; P(d,+, , d t ) is the volume 
percentage rainfall in the diameter range Ad { as measured by Laws 
and Parsons; d is the average diameter in the range Ad,- ; and V(d) 
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is the volume of a sphere of diameter d. The terminal velocities of 
raindrops V (d) are presented in Table III. 7 

For an example of the function D(d i+l , d t ) resulting from the use of 
equation (1), refer to Fig. 1. 

III. TRANSMISSION PARAMETERS FOR MICROWAVE FREQUENCIES 

The Mie coefficients and the equivalent index of refraction of the 
rain medium are defined by van de Hulst (1957). 8 For a detailed des- 
cription of these parameters, please refer to his work. Essentially, 
the scattering coefficient /3 Boat (X) and the absorption coefficient /3 ab!I (X) 
are measures of the total energy scattered and absorbed by a unit 
volume of rainfall. In the simple case of a single scattering aerosol 
the ratio of intensity of the transmitted beam I r (X) to that of the 
incident beam J (X) is 



7 r (X)/7o(X) = exp[-/3 ext (XH], 



(2) 



where I is the length of the propagation path through the rain and the 
extinction coefficient /3 ext (X) is 



/3.xt(X) = /3.. Bt (X) + /3 aba (X). 



(3) 



A plane-parallel medium containing many scattering particles can 
be represented by a slab of homogeneous material having a complex 
refractive index m. Carefully note that this sort of representation can 
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Fig. 1 — Laws and Parsons drop-size distribution for 150 mm/hr rain. 
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be designed, by selecting the appropriate value of m, to preserve the 
input-output relationships but all detail of the scattering process 
within the medium is lost. According to the van de Hulst (1957) defini- 
tion of m, the amplitude and phase of the incident wave are changed 
by the slab in the proportion 

exp[-(27rZ/X)Im(l - m)]- exp[-(2^/X)Re(»i - 1)], (4) 

where the first term is recognized as defining the amplitude ratio and 
the second the phase. 8 The values of /3 ert , /3 Rbs , /3 8oat , m and the phase 
angle described above have been calculated for the specified microwave 
frequencies. The results appear in Tables IV through XVI. The reader 
is advised to use special care when attempting to apply the van de Hulst 
phase angle and medium index m. It is recommended that van de Hulst's 
derivation be studied carefully so that the meaning and limitations of 
these functions are well understood. For example, light reflected from 
the slab cannot be derived by using the refractive index m, but should 
be computed by means of the actual scattering functions. 

Also, it should be noted that although m is calculated, (m — 1) is 
used to determine the phase angle. Since m is very close to one, cancel- 
lation of the leading terms reduces the significant places in the numerical 
value of the phase angle to one or two at most. Consequently the values 
given in the phase change column of Tables IV through XVI exhibit 
noticeable discontinuous jumps. 

IV. TRANSMISSION PARAMETERS FOR 0.6328 M 

The Mie coefficients /3,- are defined as 

&(X) = f" Y-(X, r)n(r) dr, i = 1, 2, 3, (5) 

•>o 

where r is the droplet radius; n(r) is the continuous size distribution, 
and 7f(X, r), i = 1, 2, 3 are the extinction, scattering and absorption 
cross sections, respectively for droplets of radius r. The smallest ratio 
of raindrop circumference to wavelength for the combination of a Laws 
and Parsons rain and 0.6328 m is approximately 1500. For most purposes, 
the laws of geometric optics can be applied in such cases and therefore 

7 „t(X, r) tt 2irr 2 . (6) 

Also, since the index of refraction of water at 0.6328 m is a real number, 
1.33, the absorption coefficient will be zero. It follows from equations 
(3), (5) and (6) that 

& It (0 .6328m) = /3 acat (0. 6328m), (7) 
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2?r / r 2 n(r) dr. 

Jo 



(8) 



This expression and the Laws and Parsons distribution were used to 
generate Table XVII. In this connection the Laws and Parsons dis- 
tribution D(d i+ i , di) was used to approximate the continuous function 
n(r). 

V. GRAPHICAL REPRESENTATION 

For the purpose of illustration, a graph of extinction coefficients 
versus total water content and rain rate is included (see Fig. 2). Not 
all wavelengths are represented because some of the curves are too 
closely grouped in the neighborhood of those shown. Those that were 
excluded, were excluded for reasons of clarity only. One point of some 
interest is the location of the attenuation curve for 0.6328 n in Fig. 2. 
Note that it represents a reversal of the trend exhibited as wavelength 
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Fig. 2 — Rainfall water content and rain rate versus extinction coefficient /3 
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Wavelength (cm) 


Index of Refraction 


0.10 


2.587 -0.937(i) 


0.20 


3.039 -1.575(i) 


0.30 


3.505-2.007(i) 


0.50 


4.364-2.521(i) 


1.00 


5.900-2.900(i) 


1.62 


7.001-2.544(i) 


1.88 


7.500-2.500(i) 


2.73 


8.070 -1.990(i) 


5.00 


8.670-1.202(1) 


7.50 


8.770 -0.915(i) 


10.00 


8.871 -0.628(i) 


15.00 


8.916 -0.422(i) 


21.00 


9.000 -0.275(i) 


0.6328/1 


1.33 -0.0(i) 



Table II — Laws and Parsons Drop-Size Distributions for 
Various Precipitation Rates 







Rain Rate (mm/hour) 








Drop 






























Diameter (cm) 


0.25 


1.25 


2.5 


5 


12.5 


25 


50 


100 


150 




Percent of Total Volume 




0.05 


28.0 


10.9 


7.3 


4.7 


2.6 


1.7 


1.2 


1.0 


1.0 


0.1 


50.1 


37.1 


27.8 


20.3 


11.5 


7.6 


5.4 


4.6 


4.1 


0.15 


18.2 


31.3 


32.8 


31.0 


24.5 


IS. 4 


12.5 


8.8 


7.6 


0.2 


3.0 


13.5 


19.0 


22.2 


25.4 


23.9 


19.9 


13.9 


11.7 


0.25 


0.7 


4.9 


7.9 


11.8 


17.3 


19.9 


20.9 


17.1 


13.9 


0.3 




1.5 


3.3 


5.7 


10.1 


12.8 


15.6 


18.4 


17.7 


0.35 




0.6 


1.1 


2.5 


4.3 


8.2 


10.9 


15.0 


16.1 


0.4 




0.2 


0.6 


1.0 


2.3 


3.5 


6.7 


9.0 


11.9 


0.45 






0.2 


0.5 


1.2 


2.1 


3.3 


5.8 


7.7 


0.5 








0.3 


0.6 


1.1 


1.8 


3.0 


3.6 


0.55 










0.2 


0.5 


1.1 


1.7 


2.2 


0.6 












0.3 


0.5 


1.0 


1.2 


0.65 














0.2 


0.7 


1.0 


0.7 


















0.3 



Table III — Raindrop Terminal Velocity 



Radius, cm 


Velocity, m/sec 


0.025 


2.1 


0.05 


3.9 


0.075 


5.3 


0.10 


6.4 


0.125 


7.3 


0.15 


7.9 


0.175 


8.35 


0.2 


8.70 


0.225 


9.0 


0.25 


9.2 


0.275 


9.35 


0.30 


9.5 


0.325 


9.6 



EXTINCTION PROPERTIES OF RAIN 



1879 



y 
o 

- 
< 
K 

& 

U 

o 

H 

w 

Q 
Z 

q 



c 

Q 

PC 



T 



CO 05 
3 



o 

P 
o 
Z 

H 



M 

w 

(J 
m 
< 




cog 
•s. -— - 



o 

< 



61. 



S f> 



cooooocoo 
ooooooooeS 



xxxxxxxxx 

HnCOO 
lOiOCOCO'— < l O»-H03CO 

dddd^-icNicocooo 



XXXXXXXXX 

ooooooooo 
coocooooo 



NCOMC2 

Ol <M iC iO 10 CD t-- t-- 

•-HTffTtHCOOCCCOTfl^ 

•-•COiCGCOl^^COOO 



000 o- 



1 CI •* t- o 



©-H<N-*00<NOSCOt> 



o 

OICOOM 

IC I~ 1— LO OS 1C t- 03 CC 



OOOOO' 



iwwm 



1880 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



y 




rt 




y 









H 




y 




o 




z 




>— 1 




O 




W 




n 


fc 


w 




O tf 


o 




«o 


V 











n 


M 


h 


< 


- 


P-i 




Q 


-J 


li 


W 


•< 


> 




£ 


£ 

«! 


a 


kJ 


u 


M 


CM 


o 
y 


O 


„ 






H 


>o 


«r< 


1^ 


tf) 


ua 


K 


■— 


y 










o 


< 


CO 


<1 




- 




V, 




o 








H 




U 




Z 








H 




X 




UJ 





y 
pq 



01 






CD b£^— ^ 

Sfl Mi c 

2 rt e c 


ooooooooo 
OOOOOOOOOOO 


ig 


j^ 


i i i i i 7 i 7 i 

ooooooooo 


d 


i 


XXXXXXXXX 


"*a 




or^ 


s 


a" 


t- lc c-i ih co -f N 

Ol CO -f I- 1^ "T G5 CO CO 


t*-H 


enDcto-ioiOMo: 


ID 


>— i 




n 




OO— "-HCO'Ot^CCCO 




•— • — 


o 






V, 






0) 






T5 






d 






i—i 


^ k 


,s<o<sieiei0ie<a<s 


| 


^ 


1 1 1 1 1 1 1 1 1 

OOOOOOOOO 


.2 


i 


HHHHHrtHHH 


T3 
0) 


^ 


XXXXXXXXX 


*ri 






S 


01 


CO© C OOO — — 


O ww ~ _ _ O 






.2 


CO ■"* l~- Tf 




OHN-HIO--00 


2 ^"P 


'HificOCOO-— lO'OCO 


HMWOicocTiinao 


OOOOHM^fH 


H 




c 
.2 


tJ< iO CO CJ CO 


+s t+i 1 


■*»> co ce T»< X' 'O x © co 


Id! 


iC CO CO CO Ol — X -t -t* 


O — 01fXCO©-#X 


OOOCO — — CO-t 


< 




Sfi 




£ 


XX-hiOCO 


"y«ft5j-s 


lO CI C CO CO to 7-1 t" Ol 


0) 0) _ 


■ 0' wcoi-a"0- 


O — Ol rf< 99 'O 'O rf Ol 


OOOOOhMtKO 


02 




0) 




■t 8 T~ 




s 1 


nncoicoocc 


O -h CI >C Ol to o o o 


3 a 


-icuca io 













EXTINCTION PROPERTIES OF RAIN 



1881 



y. 




o 








H 




^ 




■<j 




ti 




ta 




W 




tf 




&- 









X 




w 




Q 




X 




y— I 




o 








w 




KJ 




£ 


v. 


O 


< 


o 


& 


c 


X 




•. 


a 





h 


rt 


c 


<! 


2 


Ch 


hJ 


fi 


w 


y 


> 


< 


t 


01 

is 








as 






o 


fcn 


H 




<3 


h- 




O 


M 


o 


W 


CI 


H 




W 




•2 


>o 


■"1 


o 

i-O 


< 


CO 


P-. 




s? 




o 








H 




u 




* 








H 




X 




w 





> 

s 
►J 
n 

H 




© oo o 



oocoooooo 



XXXXXXXXX 

CO l- 

GC <M CI CI CI C 

ceesw^T^cNf-cNto 

CI CO "*< CO 'C CO CI t- t- 



5° 



IS 






02 






300000000 

XXXXXXXXX 

ddddddddd 



ci so go cj co m C5 o 

OH^tONM i« t- O 
OCOiCGCt^-00-*t^03 

OOOOHMTflsO 



os cd io is to 

en gc icn cj co t~- os — < 

-+ iC i-O — ' O CO LO CO i-O 

CDOOOO— < — CO-* 



IS "*■* O -H 

CM ■■* CO C*J t-1 CN CI CI CO 

>* lc co if; ci ■# o co is 

© *-■ CI "3" 03 iO IS CO — 

OOOOOHfHffl 



1882 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



fa 
S 

fa 

o 

M 

w 

Q 

O 



W 5 

° 3 

o # 

w o 

C5 « 

55 ^ 

H Ph 

@ a 

a «< 

o o 

EH fe 

3 A 



-* 



R CO 

■< 

Ph 

J? 
o 

M 

s 

2; 

B 







P5 



tf 



so. 



o „ 
"43 „j i 

°ol 

5 



: o 6 






©CNCN-<S<00COCOcOcO 



xxxxxxxxx 

00 05 CO (M ■* 

(NOOMNCOO)0)i-C 

CNCiCOGOaJO'OCOeD 



XXXXXXXXX 

Oi-f-HCN-tfCOCOCOCO 
OOOOOOOt-Ht-h 



Oiif5"# CO 

■*Tt<Tf<o>iNoOf~eoo 
■^oiiocot^cot^cor-- 

Oi-HCOCOCOCOOiOJC© 

OOOOHNMlOfll 



it5 iO CO CO ■* 

cocoi^coi^CTic-ocmo 
cn o co cm >o go ^ a^ 

OHHMtOONOJH 
OOOOOr-t^-icNr^ 



coo 

C0 05 I> t~- tfi 

COiOcOiO'^05CO'* | iO 

^HooeO'-i'-Ht^iroeoo 

OOHfdNlNlNCSO 
O0000i-H(NCO>0 



EXTINCTION PROPERTIES OF RAIN 



1883 



s 













H 




U 




< 




aj 




u, 




w 




P3 




Be. 









H 




w 




y 




2 




•—< 




o 




ffi 




K) 




K 




O 




o 


fc 


CO 


<) 


ffi 


rt 


H 


-l: 





y. 




o 


w 


■/.' 


(J 


« 


H 


«*! 


> 


Ph 


^ 
£ 




z 


3 
u 

o 




1 — 1 


J 


H 


p3 


< 







N 


Bj 






OS 


W 


ci 


9 




Ph 


OJ 


-^ 




Ph 




fc 




o 








H 




u 




g 








H 




H 




N 









s 



« 



•2 

fl o £ 



o 



'3g 



OtON'COOiOtOOO 



xxxxxxxxx 



-#00 

O Tfi 00 CO CD oo 

HNMCOONCDtOCO 
OWOOHOJHNffl 



XXXXXXXXX 

O-HlN'tfOO-*— <COCT> 

OOOOOwNM^ 



CO LQ 

Tt< OS CO lO >-H 

OcOiO>Oc007l>OI~-CO 

OOHINiCHMCOCO 

odddortN^td 



CO 

o<n m 

O C55 CO r- — i o 
OiCO"*-H>OOi-*t^cO 

O'fiCOCONCCMOO 
OCOHCOONNH 

ddodooHNco 



bC 

C 

S * ri 


OS 

lO M N t> 

"JOHCOOO 

O^COr-C^OJr-COOO 

OOOON^OHO 



OOOOOOh^M 



1884 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



y 




o 








H 




U 




< 




a 




b 




W 




3 




b 









y 




w 




a 




& 




•— i 




O 




W 




_^ 




N 




K 




O 


y. 




— 


00 

— 1 




~ ' 


m 


a 


& 


H 





a 


7; 


* 


M 


w 


< 


i-4 


^ 


W 




> 


U 


<t\ 


fe 


£ 


<; 


3 


£ 


u 


«j 


IN 


h-1 


CO 


K 


^H 


O 


H 


to 


< 


, H - 


02 


-H 


H 


(N 


H 






H 

o 




o 


Ph 


1- 


fe 




o 












u 




/. 








H 




M 




W 





ffl 

e5 



QJ HI , 

OB MM 




O'NtO'-'C^COi^iOTf 


PhJ= 


C CM CO rH CM t— "* LO T(H 

.—1 .-H 


O 








i i T T i i 

coooooooo 


_, 


1 


XXXXXXXXX 


.2 


1 


■* 


-*^* 


*-* 


CO CM CO 


o 


s - 


OOOHCOTfO 


o3 


iOC3C0C0^t < cN'-iO3O3 




HH 


©<NCOeO>OCOO'-iTt< 




OOOHMN«50i!> 




•"• eo^fl 


e-_i 






X 










CO 






-d 






H 






»-H 


-— ■ 


•offffffff 


S 


T ~' 


1 1 1 1 1 1 

ooooooooo 


1 


_.._____ — — 


■5 


|Z£ 


XXXXXXXXX 


V 








a) 


o-^roL':ot--03CM'*i 


3 


OOOOHH«iON 





Ol 


o n 


[OitJNO 


' ~ «*^ i— 


-hNtCOO 


Sob 


MOCCfSONtOMO 


OPl'C35''5«H©N 


■soi2 


©003CN'0>-H'M-* 






OOOOOOHNM 






o _, 


o 


t-- *# io r- 


'■£«*; .U 


tjl i— 1 iO CO CO CM ■— I 


a TJo 


CM 00 00 O © t> <-i lO O 


ioS 


CHMXOHHMH 


So J 


OOOOOl^COiCCN 




©0O0OOO.-ICN 


hC 


co coco 


— — 


©coco ro<N _ 


"C «4— ' 


1-IQHNN00H1O 


a> ai "7T 


© CM iO JO CO © >-0 CO © 


-1 O B 

5o5 


ooo-"*^ono 


OOOOOHBMN 


cc 


OOOOOOOOm 


V 








53 B 


to o 


.2 S 


NNOOiOOOOO 


OHMiO^ilJOOO 


'5 S 


r-i M iO O LO 


*v ^_^ 











EXTINCTION PROPERTIES OF RAIN 



1885 



< 

c 

K 

a 
a 
y 



ri 








w 




.-;• 




N 




=: 




O 


g 


o 




rH 


a 


M 


x 


H 


fc 


o 


o 


w 


X 

3 


w 


Ph 


p 

£ 


Q 

y 
< 




to 



GO 3 
rH M 

SI 8 



i- 



x 

K 

g I 

< 

Ph 

y. 


Eh 

- 
g 



txl 

a 

m 
H 



rf, fe ^— 




— tJ< CO 


Iff 6 s 


QCMnn^wmo 


nniOOiO 


»-< .-H 






1 1 1 1 1 1 1 1 1 
OOOOOOOOO 






















1 


xxxxxxxxx 


c 


,_f 


CO O O 


-a *• 
= C 


N— , 


— _,^^ T j(^CC'*^-i 


£ 


co ^ ci eo 5: mo^co 


c m m h 10 • • • 
CCt— -^ 




OCCHMffl^PI* 








a'| 






.2 a 






— •— 






5 a> 






S* 






i-H 


1 1 1 1 1 1 1 1 1 




OOOOOOOOO 




1 


r-Hr-HHHrtHH 




'3 


XXXXXXXXX 




"aT 


o-^coi-ioxrticro 




K 


OOOOhhMBN 






S 




o 




o„ 


C-l h- CC ^H 




hOhOKKOiM 


:i-t-H-c>i«occx 


CHn©OHt-Nt» 


OOOOH^MNffl 




0000000 — 01 


X 




w 








o 




o 




o__ 


00 

HffiOl-O 


C T 


C C M M -" CI 5) 


09 


ClflX'-OCl^K I~- 


Ci-flOOI-XCC 


COCOhcOIOM- 


i. - — - 



O'OOOOOO™-" 


X 




J3 




< 








0) 












o_ 


LI 


CO CO ■— 1 


uL 


C X CI ifl N N 




— C/.-MMX-^ 


•r = 


2 — stgo t"n — 


0^ 






d 









tti 




SJ 






m 10 


IS 


NNOOiOOOOO 




O rH CI IQ N W COO 


a £ 


HNIOO LO 


'3 £ 




2 







188(1 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



o 




ffl 




n 




~ 


z 


n 


< 


— i 


K 


— < 




*—* 


z 


w 


C3 


H 


a; 


n 


2 


fc 


3 


H 


P-. 


>J 





<1 


<! 


£ 




CO 


<1 




^ 


CM 


« 


H 





<1 


in 




,. 


K 


OS 


W 








W 




a 




5 


1^ 


M 


o 


5 

P-i 


00 


z 




o 








6 




s 




H 




M 




w 









cun 



OWOOWOCOOt^ 

CO ( 
CO' 



CD lS 

d a 
m o 

a'-s 

II 

33 



PC 



•2 g 


cz> 

CO O 

to io r~- co t> 

CO iO ■* "* t* O CO © 

O-i'CDi-OCTJClOl^HCC 

OOHNNCOMiNO 


OOOOOOOO-h 



•2? 
o 

■r. 

< 



■SI 



| r- I* *■ 
O I I I r- r- t- r» r- 

rHOOO I I I II 

rH^H-HOOOOO 
X .— I i- 1 r-H r-1 i— I 

co XXX XXXXX 

00 CO lO CO 

O .-H N CD CO CO C3 • • 

-<co 

OOOOh^ONM 



XXXXXXXXX 

OOOOrHT-HCOCDCC 



o 
coira 

COCN 



oo 

do 



CO 

00 r- ■* "3 CD (M 
S5 co co im co co co 

O CN t^ t^ CT> ■«* O 

oooHcocom 



OOOOOO-h 



CD 

HUJlCtO 

cn) <m oi o co e» co 

ONiOOOiinONN 
— — O-HtfSCDCOCMm 

OOOrH ^ (MO 

-<N 



O i 

O L-J v— ' «— ' ■— ' r- • ■**■ i 

ooooooo 



oooooocoo 



EXTINCTION PROPERTIES OF RAIN 



1887 



fa 
o 

M 

w 
o 



K 


X 





«t* 


cc 


pel 










- 


X 


H 





- 
Z 


s 


w 


•< 




P-. 


> 


Q 


<■ 


Z 


& 


■< 






3 


< 




«| 


O 


h-1 


i-i 


« 


H 





<! 






, H " 


BJ 


N 




o 




(M 


W 




- 


1 


< 


I- 

SO 




00 


X 




3 





r- 







XI B 

d c 

I— I o 

si 






£ 



•II 

w 



•J? 



■SI 



a £ 

•J a 



ONNONNCIOC 



xxxxxxxxx 

oo 

<N-tf (N 

t^O cOt>->*© 
iOtDlNNinOCOOlT|i 
OOiOHiONClH • 



XXXXXXXXX 

OHCOiOOOliOCOH 
OOOOHHMlOO 



COIN 

iO©CO-#© 

^H CO OO -H 00 m lO 

HiOHNMOMOO 

SQ ! -j<NCOCN©<-lCN 
OOOONWION 
0000000.-ICN 

©©©©do©©© 



o© 
c© 

©© 



00©CN 

CO 00 CO CO © 

>-i CN f~ © lO o ■* 
OOOCliOiCiC 
©O©00— <<N 



oo©o©oooo 



oo co ■* ■* co 

■— 1 1~- "0 iO © © © 
©-^■*CNTf©COiCt- 

©o©©^HCO©t^ 

©000000—— 
0©©©©00©0 

©'©dooddod 



1888 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



< 

a 

o 

H 

w 

a 

I— I 

o 



a co 
5 o 

9- CO 



* Q 

E 

CO 

I 

o 



o 



to -. 
1 

< 



Ph oo 

Z 

o 



i 







-a * 
d =3 

HH O 

a HI 

3 rt 



!£ 



ti 



0„ 

•26 

W 



d T 

•J? 
ai3 



O. 



OL->tcix<oa'N!0 



I I I I I I L L I 
ooooooooo 



XXXXXXXXX 



MCDCNt- 

WfNMMIMCOOJiO 
OHNiOWXN • • 

<* co 

OOOCHflfflHfi 



XXXXXXXXX 

ddcd-H-cotoo 



oo 

oo 
oo 



SO CO -^ 
OOON-H'fO 
•*0f)O't--ici 

OOOO-iMM 

oooo OO o 



ooooooooo 



CO 
IO0C 

■« Q 
O "N 

o c: 

O Q 

c c 



lOOMOX 

ooco >o O -h o 

CO t- O CM iO iO •* 



ooooooooo 



o 

co co co 

CD CO COt- i-h 

CO Tf t^ CO © lO o 

©cooocoocccooio 

SOONCOhOINO 
ooooricioi- 

OOOOOOQ-HCM 

OOOOOOOOO 

ooooooooo 
ooooooooo 



EXTINCTION PROPERTIES OF RAIN 



1889 





2 




<a 


X 


CO 


o 


c 


£ 


K 


W 


<• 


- 


- 


> 


a 


< 


y 


< 


< 






a 


> 


u 


< 


o 


- 


c 


fr! 




o 


H 


1* 


<■ 


^ 








o 


W 


00 




cN 


H 


«o 


W 


o 


2 




< 


— < 
I- 
CO 

00 


o 


■A 
O 




-1 


H 


a 


H 


i* 


W 


w 


w 


fe 


^2 







M 




W 


> 


= 


-^ 


£ 


X 


H^ 


s 





- 




W 


— 


•«! 


,, 


H 


s: 




H 




O 



CO 




I— I : 
3 " 



xxxxxxxxx 

CO lO 



c 


7-1 00 IQ O CN CO CN O CN 

O O — re- i- -1" eft rc l— 


coeee-co. 


1 


TTTTYT7TT 



XXXXXXXXX 

OCOC----cococ: 






o 









O CN 

CN 00 CD cog 

cm o i- -t -*• c cm co r* 

QO — coxomcix 

Sccscccoh 
oooocooco 

dcddc'oddd 



c-* 

ONCO-:N 

cc ■* >o CO "* t- CO CN 

CM — 1-CO— i CN CO ■** Ci 

co — CO0CCOCO-HC3 

CCCCC-HCOI-O 

ccoooocc— 
cccccoooo 

dec c c coco 



~t — I CCO 

C — CM 1^ L.O l^ i-O ■* CM 

cccccmcxc cn 
cccccccoo 

cncn>qoiqoooo 

c - ?h1 chc c c o 
— cn iO c 35 



1890 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



E 



= 


^ 


n 


< 


CN 


X 


v -' 


CO 


r, 


la 




o 


o 
r, 


« 


w 


Ph 


p 


c 


«4 




w 


P 


b 


•< 


o 




>C 


w 








1* 


H 




-i 4 


■ .— 




o 






S 


CI 


w 


Tf 



I 



s 

3 OS 

o 

H 
O 

H 

r- 

s 



ft 

g 

►J 

3 

H 




a c 

— o 

3 eJ 



:'J5 



tf 



11 



o 



ll 



o 

c 

|£ 
fed. 

— 



d s 

0h w 



xxxxxxxxx 

lOOOONN 

•-<ioa?i>>o<©iciT}<<M 

OOOH^I^TfOJTlf 

000000--HCN-* 



XXXXXXXXX 

O--<CN-*O00lN^HO 

OOOOHH03 01 



XXXXXXXXX 



coco i-H rococo oooto 
CO -H Th eo cn o • • • 
oso i-i • • • co r- 1~- 

• • 'MHOi-IMiO 

ocor~--HcocOi-icNco 



XXXXXXXXX 



OfNNMOIN'tN 
00O5CO<Mt^l> • • • 
0>00O • • 'MNH 
• • • CO O CO i-H CN ■* 
OMN- (CO«0>-iC1CO 



XXXXXXXXX 

COC5CO 
(NCNOOt^ 

CN»^Tt<CO»OOOCNCOCO 

ONiO-^CNNOCJ 

OOO — i^COCOCO • 

IC 

OOOOOHBUH 



EXTINCTION PROPERTIES OF RAIN 



]891 



ft 

o 

H 
O 

«> 

K 
fa 
H 

fa 

o 

p 

V. 



q 




ti 



•2 a 
iSI 

X 



O 






(tfJ-, 

IJ 

ru — 



c S 

■5 S 



00 

xxxxxxxxx 



HTfaoo 

3 ?* l~ ~ 7" 

O OOH« 



— x 



— I X 

•HO 
CO"* 



OO OOOOO -<(N 



XXXXXXXXX 

OHN^OMNHO 
OOOOHHMISM 



XXXXXXXXX 



COMhh 

iO >C >C rH O -h CO t»< 

^NHCOnONMO 



XXXXXXXXX 



CO CO t-- tH 

if2rt<eor^t^oo5i-o 

rff^»-Ht^'-iCOCNI>00 



XXXXXXXXX 

o 

o ec 

■* co co 

l~ m o Tt< co cj> 03 

om^NoO'fairHoo 

OOOO^hCCO'*'— 
COOOOOOM-tf 



M M l- O LO 



1892 



THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1970 



Table XVII — Mie Extinction Parameters at 0.6328 u Wave- 
length, H 2 Index of Refraction 1.33 — O.Oi, for Laws and 
Parsons Rain 



Ruin Rate 


Scattering Coef. 


Absorption Coef. 


Extinction Coef. 


(mm/hr) 


(km)" 1 


(km)" 1 


(km)" 1 


0.25 


0.08093 


0.00 


0.08093 


1.25 


0.2482 


0.00 


0.2482 


2.5 


0.3977 


0.00 


0.3977 


5.0 


0.6519 


0.00 


0.6519 


12.5 


1.273 


0.00 


1.273 


25.0 


2.069 


0.00 


2.069 


50.0 


3.221 


0.00 


3.221 


100.0 


5.689 


0.00 


5.689 


150.0 


8.046 


0.00 


8.046 



decreased from 21 to 0.1 cm. This phenomenon is also illustrated in 
Fig. 26 of a paper previously presented in this journal by Chu and 
Hogg (1968) . 9 It serves to warn the reader that he should be very 
careful when applying the common rules of thumb relating wavelength 
and attenuation. 
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